ABSTRACT: Actively growing Trichodesmium spp. are known to release their newly fixed nitrogen (N) into the surrounding N-limited water. Although newly released fixed N could potentially enhance the growth of nearby non-diazotrophic phytoplankton, the interactions of Trichodesmium spp. and other co-occurring cells, i.e. diatoms, have never been well documented. We conducted laboratory 15 N tracer experiments to investigate the trophic interactions of T. erythraeum and diatoms in culture. Field studies were carried out to examine spatial-temporal distributions of Trichodesmium spp. and diatoms in the low-latitude Kuroshio Current and the neighboring northern South China Sea (SCS). Enrichment of 15 N occurred in 3 species of cultured diatoms when they were incubated with T. erythraeum IMS101 in culture media enriched with gaseous 15 N 2 , which confirmed the transfer of newly fixed N from T. erythraeum to diatoms. Field results showed that in the Kuroshio, where Trichodesmium spp. flourished in the warm seasons, the abundances of Trichodesmium spp. and diatom cells with >10 µm diameter were positively correlated (p < 0.05). During the warm seasons, diatom vertical distributions showed a surface-abundance maximum that coincided with the depth of highest cell densities of Trichodesmium spp. and a second abundance maximum near the nitracline. The diatom surface-abundance maximum disappeared in the cold seasons, when the Trichodesmium spp. population languished. The bimodal distribution of diatoms and the co-occurrence of diatom and Trichodesmium spp. abundance maxima recurred as Trichodesmium spp. abundance increased when the warm seasons returned. In contrast to the Kuroshio, the SCS, inhabited sparsely by Trichodesmium spp., showed no surface abundance maxima in the vertical distributions of Trichodesmium spp. or diatoms. Both field and laboratory data suggest that the co-occurrence of Trichodesmium spp. and diatoms might be driven by the transfer of N fixed by Trichodesmium spp. to diatoms in the N-limited oligotrophic ocean. Because diatoms are more effective than Trichodesmium spp. in exporting N and carbon to depth, the N exudation by Trichodesmium spp. that supports diatom growth could represent an important pathway of N and carbon export to depth in tropical and subtropical oceans.
INTRODUCTION
Cyanobacteria of the genus Trichodesmium are often considered to be the most important dinitrogen (N 2 )-fixing diazotrophs in tropical and subtropical seas (Capone et al. 1997) . Recently, unicellular cyanobacteria also have been recognized as important diazotrophs in the nitrogen (N) cycle (Montoya et al. 2004 ). Trichodesmium spp. often prospers in stratified open oceans where turbulence and input of the nitrate advected from deep waters are low and the supply of iron (Fe) or phosphorus (P) is sufficient (Capone 2001) . When N is limiting, N 2 fixation by Trichodesmium spp. plays a significant role in the N cycle. Up to half of the new production in the subtropical North Pacific Ocean (Karl et al. 1997 ) and more than two-thirds in the North Atlantic Ocean (Carpenter & Romans 1991 ) is attributed to N 2 fixation by Trichodesmium spp. Despite the trophic significance, little is known about the fate of N and associated carbon (C) from N 2 fixation exported from the euphotic zone. The effects of Trichodesmium spp. blooms are thought to be limited mainly to the upper water column because of their positive cell buoyancy (Walsby 1992) . Loss of trichomes due to sinking appears to be minor compared with exudation of dissolved N products, lyses of decaying cells, and grazing by zooplankton (Mulholland 2007) . Thus, dissolved N species produced by Trichodesmium spp. are believed to recycle primarily in the ocean surface waters.
Actively growing Trichodesmium spp. can release up to 50% of newly fixed N into the surrounding waters as dissolved organic N (DON) (Glibert & Bronk 1994) , amino acids (Capone et al. 1994) , or ammonium (NH 4 + ) (Mulholland & Capone 2001 , Mulholland et al. 2004 . Accumulation of NH 4 + and/or DON in and around Trichodesmium spp. blooms was observed in the Pacific (Devassy et al. 1978 , Karl et al. 1992 and the Gulf of Mexico (Lenes et al. 2001) , and in aging Trichodesmium spp. cultures (Mulholland & Capone 2001) ; however, it is not known if other phytoplankton benefit from the release of N from Trichodesmium spp. during its blooms. In N-deficient environments, competition for N uptake among the non-diazotrophic phytoplankton is expected. Field observations that demonstrate such trophic linkages between the extracellular products of the diazotrophs and the uptake by nearby planktonic organisms have been rare even though diazotroph blooms are common (Capone et al. 1997) . In the Gulf of Mexico, N released from Trichodesmium spp. blooms supported a moderate bloom of the toxic dinoflagellate Karenia brevis (Mulholland et al. 2006) . Curiously, distribution of diatoms was not linked to this Trichodesmium spp. bloom. In oligotrophic oceans where N is limiting, Synechococcus spp. and Prochlorococcus spp. are the common dominant phytoplankton; with cell sizes < 2 µm, their contributions to C and N export to depth through direct sinking are small. In contrast, phytoplankton with larger cell sizes, such as diatoms, tend to sink and contribute more significantly to sinking fluxes. The sinking rates of phytoplankton are closely related to their cell sizes (Takahashi & Bienfang 1983) . While < 3 µm sized phytoplankton did not sink, those of size 3 to 20 µm sank at a rate of 0.09 m d . If the N exuded from Trichodesmium spp. blooms could enhance the population of nearby diatoms, it would potentially lead to greater C export to depth.
The upstream Kuroshio Current between Taiwan and the Philippines has high abundance of Trichodesmium spp. in summer and low abundance in winter (Chen et al. 2008) . With its origin in the tropical ocean, the Kuroshio is characterized by high surface temperatures, low surface nutrients (especially N), and a deep nitracline, conditions that support thriving populations of Trichodesmium spp. In summer when Trichodesmium spp. flourishes in the Kuroshio, it is sparse in the neighboring northern South China Sea (SCS), where surface water was similarly warm and limiting in N . Unlike in the Kuroshio, the Trichodesmium spp. population in the SCS varies little among seasons.
Our observations of the distribution of diazotrophic phytoplankton in the Kuroshio in 2006 and 2007 indicated that diatoms flourished in summer in surface water in which nutrient conditions seemed unfavorable to support phytoplankton growth. Trichodesmium spp. also were abundant in the diatom-rich surface water. We postulated that the general increase in diatoms was a response to increased abundance of Trichodesmium spp. The present research was undertaken to determine if diatoms benefit from the flourishing of Trichodesmium spp. In laboratory tracer experiments, diatoms were incubated with T. erythraeum to determine whether N 2 fixation products from T. erythraeum could be transferred and detected in diatoms. Possible associations of Trichodesmium spp. and diatom biomass distributions also were studied in the upstream Kuroshio and in the northern SCS. The seasonal and regional contrasts in Trichodesmium spp. biomass between the Kuroshio and SCS offered an excellent opportunity to study the associations. The results of the laboratory experiments helped to explain that the association was related to nutrient interactions between Trichodesmium spp. and diatoms.
MATERIALS AND METHODS
Study strategy. The present study included 2 parts: (1) laboratory tracer experiments to examine the transfer of newly fixed N by Trichodesmium erythraeum to diatoms and other small non-diazotrophs; (2) field investigations to examine the cell abundances of Trichodesmium spp. and diatoms in natural waters.
Laboratory experiments. Four diatom species Thalassiosira weissflogii (CCMP 1587), Ditylum brightwellii (CCMP 358), Chaetoceros affinis (CCMP 158), and C. pelagicus (CCMP 195) , and 2 non-diazotrophic picophytoplankton species, Prochlorococcus marinus (CCMP 2773) and Synechococcus sp. (CCMP 1768), were each incubated with or without Trichodesmium erythraeum IMS101. All test phytoplankton except C. pelagicus were studied in Expt A, and C. pelagicus, Thalassiosira weissflogii, and Synechococcus sp. were studied in Expt B. Stock cultures and all experiments were kept in the same incubator at 26°C with an alternating light regime of 12h light:12 h dark.
15 N 2 gas was provided as the source for N 2 fixation (Montoya et al. 1996) , thus allowing us to follow the possible trophic transfer after N 2 fixation activity. Enrichment of 15 N, indicated by a higher atomic percent (atom %) of 15 N in test diatom cells from the bottles with Trichodesmium erythraeum than those without, would show us that the newly fixed N from Trichodesmium erythraeum was taken up by the test phytoplankton. Trichodesmium erythraeum stock cultures were grown in YBC II medium that contained no fixed N; monocultures of diatoms were grown in f/2 medium; Synechococcus sp. was grown in f/2 medium without silicate; and P. marinus was grown in YBC II medium plus 0.8 mM NH 4 Cl. In order to acclimate the test cells to low N conditions, diatom cultures were concentrated by centrifugation and transferred to YBC II medium that contained 0.106 mM of Si, whereas Synechococcus sp. and P. marinus were transferred to YBC II medium 2 d before the incubation experiments were conducted.
Incubation experiments were conducted in four 1.21 l polycarbonate (PC) bottles filled with YBC II medium plus Si to the final concentration equal to that of f/2 medium. Trichodesmium erythraeum filaments from stock culture were filtered on 3 µm PC membranes and transferred to 2 of the 4 bottles as the treatment group. Two remaining bottles without Trichodesmium erythraeum were treated as the control group. An aliquot of the test phytoplankton in YBC II medium was inoculated into a 12 cm tubular cellulose membrane that had a volume capacity of 3.7 ml cm -1 (MWCO 50K, Cellu Sep H1, Membrane Filtration Products). The cellulose membrane allowed exchange of water and nutrients, but not phytoplankton cells, into and out of the tube. In Expt A, membrane tubes each containing 1 of the 5 test phytoplankton species (see Table 2 ) were placed simultaneously in each of the 4 incubation bottles; in Expt B, each tube had Chaetoceros pelagicus, Thalassiosira weissflogii, and Synechococcus sp. Before incubation, NaH 13 CO 3 (99 atom %, Isotec, SigmaAldrich) solution was added to the bottles to a final concentration of about 0.2 mmol l -1 to determine if phytoplankton cells were actively assimilating C. The over-filled bottle was sealed with a Teflon-backed butyl septum cap and then 6 ml of highly enriched 15 N 2 gas (99 atom % 15 N, Isotec) was injected using a gas-tight syringe. The incubation experiments lasted for 24 h. Once every 30 min during the light hours, each bottle was gently turned 10 times manually to facilitate water and nutrient mixing and exchange. Incubation was stopped by removing and placing the tube in new YBC II medium. The tube was sonicated for 1 min to clean the outer surface. The test phytoplankton was removed from the tube by a pipette and vacuumfiltered gently onto a precombusted (450°C, 4 h) Whatman GF/F filter paper. Trichodesmium erythraeum in the incubation bottle was filtered similarly. The filtered samples were fumed for 2 h with HCl to remove carbonate and were dried completely in a vacuum desiccator. The isotopic ratios 13 (Chen et al. 2008) and Cruise SKII (Chen et al. 2007 (Chen et al. , 2008 , and for Stn S of Cruises 717, 722, 773, 780, SC33, SC37, 812, and 821 (Chen et al. 2008 ). Collection of metadata: CTD (Seabird SBE-9) data, photosynthetically available radiation (PAR) readings (OSP200L, Biospherical), and water samples were obtained at all stations. The water samples were collected using 20 l Go-Flo bottles from 6 depths corresponding to 100, 46, 38, 13, 6, and 0.8% of surface irradiance. Aliquots of the sample water were used to determine concentrations of nutrients and for phytoplankton enumerations. Nitrate and nitrite (N+N) concentrations were determined first by the pink azo dye method adapted to a flow injection analyzer (Pai & Riley 1994 ), which has a detection limit of 0.1 µM. When the N+N concentrations were < 0.2 µM, the chemiluminescent method (Garside 1982 ) was used to measure nanomolar concentrations. Soluble reactive phosphorus (SRP) concentrations were measured by the molybdenum blue method, which has a detection limit of 0.2 µM, and silicate concentrations were measured by the silicomolybdenum blue method (Pai et al. 1990) . If the SRP concentrations were < 0.4 µM, nanomolar concentrations were measured by the modified MAGIC method (Thomson-Bulldis & Karl 1998).
The euphotic depth (D eu ) was defined as the depth at which light intensity was 0.8% of surface irradiance. The nitracline depth (D ni ) was defined as the depth at which N+N concentration equals 0.1 µM (Le Borgne et al. 2002) and was used as an index to infer the nitrate availability to phytoplankton in the upper water column. Its value represents the stock abundance of surface nitrate as well as the upward diffusion potential of deep nitrate.
Enumeration of phytoplankton: Samples for phytoplankton enumeration were prepared on board by filtering 1.2 or 2.4 l of seawater onto a 10 µm Nuclepore filter (25 mm diameter). The filter paper was mounted on a microscope slide with immersion oil and a cover slip and kept in darkness at -20°C until microscopic examination. Diatoms that passed through the 10 µm filter were not examined. During microscopic examination, trichomes of Trichodesmium spp. on a slide were counted first on the entire filter at a magnification of 100 to 400 × with blue excitation using a Zeiss epifluorescence microscope. The same slide then was reexamined for diatoms on one-half of the filter or at least 400 cells filter -1 at 400 × magnification with phase contrast optics on a Zeiss Axiovert 35 inverted microscope. The diatoms were distinguished to genus, mainly according to Cupp (1977) . The cell abundances of diatoms were the numbers of all genera together. Depth-integrated phytoplankton abundances were calculated by trapezoidal integration for the entire . Measurement of Trichodesmium spp. N 2 fixation rate in the field: In order to verify that Trichodesmium spp. were actively fixing N 2 , the 15 N 2 (g) assimilation rate of Trichodesmium spp. colonies was measured following Montoya et al. (1996) . The measurements were made mostly in the Kuroshio but only once in the SCS (Table 1) because Trichodesmium spp. there were usually sparsely distributed and mostly in the form of single trichomes. Difficulty in collecting enough colonies often hampered the incubation experiments. To collect Trichodesmium spp. colonies, plankton nets of 100 µm mesh were towed at low speed at 3 to 5 m depth. Trichodesmium spp. colonies were picked from collected plankton samples, placed in GF/F filtered seawater using plastic bacteriological transfer loops, and rinsed with filtered seawater. Ten to 40 colonies were placed in each 120 ml glass bottle and then capped with a screw cap seal with rubber septa. Two hundred µl of 99 atom % 15 N 2 gas (Isotec) were injected into each bottle using a gas-tight syringe. The bottles were incubated for 3 to 5 h on deck under natural light in clear plastic incubators circulated with flow-through surface seawater. Incubations were terminated by filtering samples onto pre-combusted (450°C, 4 h) GF/F filters. The filters were then frozen and stored at -20°C until analysis. The N isotopes were quantified using an ANCA-MASS 20-20 mass spectrometer.
Statistical analysis. Mean 15 N and 13 C signatures of the test phytoplankton were compared between the treatment (with Trichodesmium erythraeum) and control (without T. erythraeum) groups with t-tests. Seasonal differences of means of surface N+N and SRP were tested using 1-way ANOVA. Stepwise multiple regression analysis (Draper & Smith 1981) was used to examine the spatial and temporal relationships among averaged Trichodesmium spp. abundances in the euphotic zone, averaged diatom abundances in the euphotic zone, water temperature, and D ni . Abundances of phytoplankton were all log-transformed for linearity. StatView programs (SAS Institute) were used to conduct the statistical procedures.
RESULTS

Uptake of fixed N by test phytoplankton incubated with Trichodesmium erythraeum
The incubation experiments showed that the diatoms and picophytoplankton took up newly fixed N released by Trichodesmium erythraeum (Table 2) . After the 24 h incubation, 3 of the 4 test diatom species cultured with T. erythraeum showed significantly higher 15 N signatures (p < 0.05) than the controls. The fourth diatom, Chaetoceros pelagicus, showed higher 15 N values (Table 2) for the treatment group (0.4283%) than the control (0.3715%); however, the difference was not significant because of large within-treatment variations. The 15 N uptakes of non-diazotrophic phytoplankton were not compared directly among species in the present study because the culture conditions, including temperature and illumination, were optimized for the growth of T. erythraeum, not necessarily for the co-incubating phytoplankton. The 2 picophytoplankton species tested also took up the fixed N released by T. erythraeum. (Table 2) . The 15 N value for Synechococcus sp. incubated with T. erythraeum was significantly higher than the control in Expt B, but not in Expt A (Table 2) . Chlorophyll concentrations of the Synechococcus sp. culture measured before Expt A indicated that the culture was not in the exponential growth phase.
C assimilation data, as revealed by the atom % 13 C values ( Table 2 ), suggested that all phytoplankton were growing during the incubation experiments, although whether each culture was at its maximum growth phase or all cultures were in a similar growing stage was not determined. The C assimilation rates did not differ significantly between the treatments and the controls for any test non-diazotrophic phytoplankton, although average 13 C values were lower for the treatments than the controls in 6 out of the 8 tests (Table 2) .
Water properties of the field samples
Surface water in the upstream Kuroshio was generally more saline and more oligotrophic than in the northern SCS. While annual ranges in surface water temperature were comparable between the Kuroshio (25.3 to 29.6°C) and SCS (24.3 to 29.9°C), the annual range of salinity was generally higher in the Kuroshio (34.16 to 34.47) than in the SCS (33.70 to 34.49). The regional salinity difference was most obvious in summer (Table 3) . Surface concentrations of nutrients essential for phytoplankton growth were generally lower and less varied seasonally in the Kuroshio than the SCS (Table 3) . Mean surface N+N concentration was lower in the Kuroshio (24 nM) than in the SCS (57 nM). Mean D ni was deeper in the Kuroshio (74 m) than the SCS (41 m). Wintertime N+N (168 nM) and SRP concentrations (54 nM) in the SCS were 10 times and 3 times the summertime values, respectively. By contrast, surface N+N concentrations (19 to 37 nM) and SRP concentrations (23 to 38 nM) in the Kuroshio remained low all year and did not differ significantly seasonally (p > 0.05). Nevertheless, D ni was shallowest in winter in both regions; mean D ni in the Kuroshio was 51 m in winter and 74 to 91 m in other seasons, and in the SCS it was 18 m in winter and 38 to 57 m in other seasons (Table 3 ). This indicated that nitrate diffusion from deep water was more intense in winter than in other seasons even in the 2 tropicalsubtropical regions. The N+N:SRP ratios in both regions were < 2.6 (Table 3) , much lower than the Redfield ratio of 16, which indicated potential N limitation. In contrast to the state of N deficiency, silicate in both regions was relatively abundant (Table 3) . Surface silicate concentrations averaged 1.0 µM in the Kuroshio, with little seasonal variation, (2) 17 ± 1 (2) 27 ± 11 (2) 1.7 ± 0.3 (2) 104 ± 25 (2) 0.74 ± 0.26 (2) 57 ± 8 (2) 97 ± 14 (2) 6993 ± 6734 (2) 5.8 ± 1.0 (2) Average K 27.9 ± 0.5 (11) 34.31 ± 0.07 (11) 24 ± 5 (11) 27 ± 5 (11) 1.0 ± 0.1 (11) 57 ± 9 (11) 1.01 ± 0.17 (11) and 1.4 to 1.9 µM in the SCS. The average SiO 2 : N+N ratios of 57 in the Kuroshio and 106 in the SCS were much greater than the Si:N ratio of 1.12 described by Brzezinski (1985) , and indicated silicate sufficiency. These results suggest that the growth of diatoms in both regions was more likely to be limited by N than by silica. The average D eu was 130 m in the Kuroshio and 100 m in the SCS.
Diatom assemblages
Major diatom genera in the surface Kuroshio changed little seasonally. Chaetoceros was the predominant genus throughout the year (Table 4) , followed by Nitzschia, Bacteriastrum, and Pseudonitzschia, with varying degrees of seasonal dominance. In contrast, surface diatom assemblages in the SCS were more variable, with the major genera being Nitzschia and Chaetoceros in summer and autumn and Chaetoceros and Bacteriastrum in winter and spring. The genera Thalassionema, Rhizosolenia, Pseudonitzschia, and Dactyliosolen were also encountered frequently (Table 4) .
Richelia spp.-diatom consortia or diazotrophic diatoms (D-D) are diatoms with endo-or ecto-symbiotic N 2 -fixing Richelia spp.-like cyanobacteria. They constituted between 1.0 and 4.4% of the total diatom cell counts in the Kuroshio and between < 0.01 and 1.2% in the SCS (Table 5) . They showed the same distribution patterns as Trichodesmium spp., being more abundant in the Kuroshio than in the SCS. In the Kuroshio, the mean water-column D-D densities in summer and spring were about twice those in winter and autumn. In the SCS, the mean water-column D-D densities in summer and autumn were > 5 times those in winter and spring, showing an inverse trend to the abundance of total diatoms (Table 5) ). D-D abundance was not subtracted from the total diatom abundance in the statistical analyses because its relative importance in the total diatom population was low in the present study.
Abundances of diatoms and Trichodesmium spp. and related environmental factors
Both diatoms and Trichodesmium spp. flourished during spring and summer in the Kuroshio (Table 3) . The cell densities of diatoms in the euphotic layer of the Kuroshio were 3 to 8 times higher in spring and summer than in autumn and winter. The high variation of the springtime diatom density (1306 × 10 3 ± 824 × 10 3 cells m -3
) was attributed to a high value of 2940 × 10 3 cells m -3 at Stn K2 during Cruise 899 in late spring (Table 1 ). The abundance of Trichodesmium spp. showed a similar seasonal pattern, with trichome density being 5 to 40 times higher in spring and summer than in autumn and winter (Table 3 ). There was a positive relationship between the abundances of diatoms and Trichodesmium spp. in the Kuroshio (Fig. 2A) (2) 41.8 ± 20.5 1.2 ± 0.4 4.4 ± 3.0 Spring (3) 163.5 ± 134.7 2.0 ± 2.2 1.0 ± 0.4
SCS
Summer (2) 149.4 ± 98.5 0.7 ± 0.4 1.2 ± 1.1 Autumn (2) 223.0 ± 150.0 1.1 ± 0.1 0.9 ± 0.6 Winter (2) 1351.8 ± 433.7 0.1 ± 0.0 < 0.01 Spring (2) 583.9 ± 557.1 0.2 ± 0.1 0.2 ± 0.1 ) (r 2 = 0.50, p < 0.05, n = 11). The annual mean Trichodesmium spp. density in the SCS was one-ninth of that in the Kuroshio; however, the diatom density in the SCS was 8 times that in the Kuroshio (Table 3) . Even during its greatest abundance, Trichodesmium spp. in the SCS was only 5 to 10% of the abundance in the Kuroshio (Table 3 ). The average cell density of diatoms in the SCS euphotic layer was highest in winter, which was 3, 9, and 14 times that of densities in spring, autumn, and summer, respectively. Unlike in the Kuroshio, the abundances of diatoms and Trichodesmium spp. in the SCS were not significantly correlated (Fig. 2B) . The negative value of its correlation coefficient (r = -0.60, p > 0.05) illustrated the opposite seasonal abundance patterns of the 2 phytoplankton taxa. Diatom abundance in the SCS was high when water temperature was low and/or the nitracline was shallow. The euphotic layer diatom abundance was related negatively to both surface water temperature (SST) and nitracline depth in the SCS (Fig. 3) By contrast, the diatom abundance in the Kuroshio (Fig. 3A,C) was not related either to SST (r = 0.42, p > 0.05, n = 11) or to nitracline depth (r = 0.03, p > 0.05, n = 11).
Vertical distribution of diatoms and Trichodesmium spp.
Vertical distributions of diatoms and Trichodesmium spp. differed seasonally between the 2 regions (Figs. 4 & 5) . In the Kuroshio during the warm water season, vertical distribution of diatom abundance showed 2 maxima, 1 near the surface and 1 near the nitracline (Fig. 4) . Trichodesmium spp. abundance, in contrast, had a single maximum near the surface. The Trichodesmium spp. maximum and the surface maximum of diatoms were at about the same depth. Both phytoplankters were distributed densely in the upper 20 m of the water column (Fig. 4A,D) . While Trichodesmium spp. languished in the autumn, the diatom surface maximum dissipated, but the deeper diatom maximum remained near the nitracline (Fig. 4B ). Diatoms were distributed above or around the nitracline (Fig. 4C) in the upper 60 m in winter when Trichodesmium spp. were scarce and the nitracline was shallow (Table 3) . As the nitracline deepened in spring (Table 3) , Trichodesmium spp. reappeared in the surface water. The bimodal distribution of diatoms reappeared and the surface maximum again aligned with the Trichodesmium spp. maximum (Fig. 4D) . In contrast to the Kuroshio, the vertical distribution of diatoms in the SCS did not have a near-surface maximum even in summer and autumn, when Trichodesmium spp. was most abundant in that region (Fig. 5A,B) . Diatoms generally were concentrated near the nitracline in the SCS. (Table 6 ). The highest rate was observed in summer and the lowest in winter. The single measurement obtained in the SCS in spring was 0.02 nmol N colony -1 h -1
, which was lower than the Kuroshio rates.
DISCUSSION
The present study indicates clearly that Trichodesmium spp. and diatoms co-occurred in the upstream Kuroshio during the warm water season when Trichodesmium spp. flourished. While Trichodesmium spp. had the highest abundances near the surface, diatoms had high abundances near the surface Trichodesmium spp. maximum (Fig. 4A,D) and near the nitracline at the bottom of the euphotic layer. The surface diatom maximum disappeared when Trichodesmium spp. abundance decreased in the cold water season and re-emerged when the Trichodesmium spp. population resurged. Co-occurrence of diatoms and Trichodesmium spp. in surface water is a rather unusual phenomenon. It has been widely accepted that blooms of diatoms and Trichodesmium spp. tend to occur in different oceanic regimes. Diatoms grow well in turbulent waters with abundant nutrients and usually thrive in coastal or upwelling waters instead of open oceans, in temperate oceans instead of in subtropical or tropical oceans, and in winter instead of summer, but Tricho- Means ± SE desmium spp. flourishes in warm, calm, oligotrophic waters that are often depleted in N. An intuitive and direct explanation for the co-occurrence of diatoms and Trichodesmium spp. was that the flourishing Trichodesmium spp. provided the limiting nutrient(s) needed to support the growth of the diatoms in the nutrient-depleted oligotrophic surface waters. In both the Kuroshio and the SCS, N is the most likely nutrient limiting phytoplankton growth (Wu et al. 2003 , Chen & Chen 2006 , Chen et al. 2008 . The fixed N released by the thriving Trichodesmium could alleviate the deficiency, especially in the Kuroshio in summer (Table 6) ; Mulholland et al. 2006 ). Exudations of DON or ammonium from thriving Trichodesmium spp. could provide the N needed to support the growth of the phytoplankton nearby (Mulholland 2007) . Planktonic diatoms are able to utilize various forms of DON (including urea, uric acid, alanine, glycine, serine, etc.) and DIN (ammonia, nitrate) to support their growth (Fisher & Cowdell 1982) . The results of our laboratory experiments confirmed this trophic linkage; the increased 15 N signals in the diatom cells incubated with T. erythraeum (Table 2) indicated the presence of the newly fixed N from T. erythraeum.
In the present study, 15 N enrichments in the nondiazotrophic phytoplankton after incubation with Trichodesmium erythraeum were significant in most tests even though some increments were small, such as for Thalassiosira weissflogii in Expt A. The small increments of 15 N values after the co-incubation could be due to low availability of fixed 15 N in the medium. Mulholland et al. (2004) found that the released fixed 15 N did not accumulate in the growth media because it was rapidly taken up by Trichodesmium spp. In addition, several species of non-diazotrophic phytoplankton were incubated together with T. erythraeum in our study. Because the same N pool was shared by the phytoplankton, each species had access to only a fraction of the N pool, thus leading to small increments in 15 N values. The among-species and between-experiment variability of the 15 N enrichments could be attributed to the differences in physiological status of the test phytoplankton during the incubation experiments at least in part. For example, before and during the coincubations, all stock and experimental cultures were placed in a same incubator at 26°C, which may not have been optimal for growth for each species of the test phytoplankton.
The relatively small increments of 15 N values in diatoms from the co-incubations did not necessarily mean that the transfers of fixed N from Trichodesmium erythraeum to diatoms had similarly low rates. In the field, in addition to direct release of fixed N, cell lysis and viral infection of Trichodesmium spp. and the presence of grazers and associated sloppy feeding are important mechanisms for the release of available N from Trichodesmium spp. to the co-occurring phytoplankton. Mulholland et al. (2004) by Trichodesmium spp. in the culture studies were lower than those measured in the field studies. They attributed these low rates to the absence of grazers in the cultures and to the presence of large intracellular pools of NH 4 + and DON in cultured Trichodesmium spp. The co-occurrence of enhanced diatoms and Trichodesmium spp. biomass in the Kuroshio could result from these other mechanisms, in addition to direct release of N fixed by Trichodesmium spp.
A sufficient supply of silicon (Si) relative to N may have supported the co-occurrence of Trichodesmium spp. and diatoms. Surface ratios of SiO 2 :N+N in the Kuroshio (57) and (106) were both much greater than the Brzezinski's (1985) Si:N ratio of 1.12, which was derived from the study of 27 diatom species, and indicates sufficient silicate for diatom growth. The Si excess indicated that diatom growth in both regions was more likely limited by N than by Si. In N-limited ocean regions, any input of N would enhance phytoplankton growth. In the SCS during the warm water season, diatom biomass had only 1 maximum near the depth of the nitracline, where deep advection was the probable N source. This was especially true in winter when mixing was strong and D ni was shallow (Table 3 ). The significant relationship in seasonal dynamics between diatom population and nitracline depth in the SCS (Fig. 3D ) supports this conclusion. In winter when the diatom population reached its maximum, silicate abundance decreased to its annual minimum, despite that the surface was replenished with N+N and SRP from deep waters (Table 3) . A maximum of diatoms in the lower euphotic layer near the nutricline is common in oligotrophic oceanic waters. Some diatom species adapt to low light conditions (Goldman 1993) and even generate substantial production at depth (Kemp et al. 2000) . Diatoms have no direct light requirement for Si uptake as long as they are growing actively. Si uptake could continue through the night, sometimes at rates that are undiminished from daytime rates (Brzezinski & Nelson 1989 , Nelson & Brzezinski 1997 , Brzezinski et al. 1998 .
Next to N, P and Fe are the 2 elements often considered most limiting to growth of oceanic phytoplankton. The co-occurrences of diatoms and Trichodesmium spp. were observed only during summer in surface Kuroshio but not in the SCS, but P and Fe cannot explain this difference. Surface P was relatively abundant in both SCS and Kuroshio. Surface N+N:SRP ratios (< 2.6) were much smaller than the Redfield N:P ratio of 16, indicating N rather than P limitation (Table 3) . Summertime surface SRP concentrations did not differ significantly between the 2 regions (Table 3) . P enrichment in the SCS did not enhance phytoplankton growth, suggesting that P did not limit phytoplankton growth there (Wu et al. 2003) . Thus, P limitation is unlikely to have caused the lack of co-occurrence of diatoms and Trichodesmium spp. in the SCS.
Fe status was not investigated in the present study. The abundance of Fe or dissolved Fe in this part of the Kuroshio has not been reported; however, dissolved Fe concentrations were low (0.2 to 0.3 nM) in the surface water of the SCS and the concentration was independent of dust deposition in this dust-rich region (Wu et al. 2003) . Wu et al. (2003) hypothesized that the low dissolved Fe concentrations might result from low Fe solubility due to a lack of Fe-binding organic ligands in the surface water. Therefore, a shortage of dissolved Fe might result in low population densities of Trichodesmium spp. in the SCS. Non-diazotrophic organisms such as diatoms, on the other hand, are not necessarily Fe-limited even when Trichodesmium spp. become Fe-limited. The Fe requirements of N 2 -fixers are 10 times higher than those of non-diazotrophic phytoplankton that use fixed N exclusively (Paerl et al. 1994 , Sañudo-Wilhelmy et al. 2001 ). Nutrient enrichment studies conducted in both summer and winter in the SCS (Chen & Chen 2006) revealed that only N additions increased phytoplankton growth when N, P, and Fe were tested. Therefore, we conclude that P and Fe were unlikely to explain the absence of surface maxima in diatom vertical distributions in the SCS. The sparse distribution of Trichodesmium spp. that could release newly fixed N to support diatom growth would be a more probable cause. On the other hand, although P (and possibly Fe) is not a limiting nutrient in the Kuroshio, its sufficiency is likely to vary depending on the success of diatoms. If diatoms bloom as a result of the fixed N fluxes, intense competition for P (or Fe) among phytoplankton would eventually result.
Although the laboratory experiments focused on N fluxes, we also have some results on C assimilation. The diatoms assimilated less C when incubated with Trichodesmium erythraeum than without (Table 2) . During the incubations, the diatoms in the membrane tubes were shaded by the surrounding T. erythraeum outside the tubes, which may have led to reduced C assimilation. Similar shading effects may occur in the field; however, in the Kuroshio where solar irradiation is strong (summertime PAR values at noon often exceed 2000 µmol m -2 s -1 ) and N is limiting, the positive effects from nutrient enrichment could be greater than the negative effect from shading, if it exists. The co-occurrence of diatoms and Trichodesmium spp. supported this assertion.
Non-diazotrophic phytoplankton utilizing the extracellular products of cyanobacteria in nature has seldom been reported (Garcia et al. 2007 ). In the North Pacific Central Gyre, Venrick (1974) found that increased chlorophyll concentrations in summer were associated with high abundances of Richelia intracellularis. She postulated that the general increase in phytoplankton was a response to an initial increase in R. intracellularis abundance and a consequent increase in inorganic N availability. The only report for diatoms showed high diatom abundance during and immediately after a Trichodesmium spp. bloom in the near-shore waters of Goa, western India (Devassy et al. 1978) . In that study, Nitzschia closterium was the predominant diatom during the bloom and Asterionella japonica became abundant immediately after Trichodesmium spp. disappeared. Our results are the first systematic observations of the co-occurrence of diatoms and Trichodesmium spp. in the open ocean. Relative to diatoms, picophytoplankton, because of their large surface area to volume ratios, usually have higher affinities for N. They are good candidates to scavenge fixed N excreted by Trichodesmium spp., although their biomasses were not quantified in the present field study. Both Prochlorococcus marinus and Synechococcus sp. had higher 15 N values when they were incubated with T. erythraeum than without ( Table 2 ). Growth of Synechococcus spp. in the Baltic Sea was attributed to N released during the blooms of the diazotrophic cyanobacteria Nodularia spp. and Aphanizomenon spp. (Ohlendieck et al. 2000) . Likewise, 15 N accumulated in the < 3 µm size fraction in southwestern Pacific oceanic waters around New Caledonia due to picoplanktonic uptake of the newly released fixed N from larger diazotrophs such as Trichodesmium spp. or diazotrophic unicellular nanoplankton (Garcia et al. 2007) . Further studies to examine the responses of picophytoplankton to the ubiquitous Trichodesmium in the Kuroshio are needed to elucidate the different interactions among various phytoplankton assemblages.
The rate of fixed N release by Trichodesmium erythraeum in the growth medium was not calculated in the present study because it was designed only to reveal whether 15 NH 4 + or DO 15 N released by T. erythraeum was taken up by the co-incubating non-diazotrophic phytoplankton. Mulholland et al. (2004) ) released by Trichodesmium spp. to the medium. They found that the released 15 N did not accumulate in the media because it was simultaneously taken up by Trichodesmium spp. In order to ensure that the fixed 15 N could be transferred to the co-incubated phytoplankton and detected experimentally after the relatively short incubation time, the T. erythraeum biomass (9.8 × 10 5 trichomes l -1 ) used in our experiment was 2 to 3 orders higher than in the ocean. Also, the concentration of 15 N 2 tracer added in the incubations was 3 times the concentration commonly used in N 2 -fixation studies. The experimental design, although necessary to detect the transfer of fixed N to the non-diazotrophic phytoplankton, constrained estimation of the uptake rates of 15 NH 4 + or DO 15 N by the non-diazotrophic phytoplankton. If the rates had been quantified, they would not have represented realistic values in the oceans.
Enhancement of diatom abundance from co-occurrence with Trichodesmium spp. might increase export of surface C and N to depth. Sinking of ungrazed large cells, such as diatoms, may determine the downward flux of particulate organic C (Boyd & Newton 1999). Diatoms have high silica content and often produce biological glues that may promote aggregation and hence facilitate sinking rates (Passow et al. 1994) . Picophytoplankton and Trichodesmium spp. are the predominant primary producers in surface water of oligotrophic tropical oceans. While picophytoplankton seldom sink due to small cell sizes (Takahashi & Bienfang 1983) , sinking of Trichodesmium spp. is unlikely because of cell buoyancy (Walsby 1992 ). Both of their trophic contributions are primarily nutrient recycling in the surface ocean through cell lyses, extracellular release, or zooplankton grazing. In contrast, diatoms as cells or in fecal pellets of zooplankton are more likely to sink. Diatoms, unlike Trichodesmium spp. which have toxins as grazing deterrents, could be more palatable than Trichodesmium spp. to most predominant calanoid or cyclopoid copepods in the water column (Hawser et al. 1992) . The trophic transfer from Trichodesmium spp. to co-occurring diatoms thus provides a potentially more efficient pathway for the newly fixed N to be exported to depth. Data on isotopically light sediment trap materials collected in the Indian Ocean (Capone et al. 1998 ) and at the Atlantic and Pacific time series sites (Karl et al. 1997 , Knapp et al. 2005 where Trichodesmium spp. was blooming suggested that at least some N derived from recently fixed N 2 left the euphotic zone. Further studies are needed to determine whether actual downward fluxes would couple with the increase of diatoms in the phytoplankton community. 
